8 


i 


O 


Q CO 


i 


UNIVERSITY 

DIVISION  OF  EL& 
BERKELE 


CALIFORNIA 

AL  ENGINEERING 


LIFORNIA 


toifSTt  OF  RAJ- 

iFr.'nrsICM.  USRaHtj 


ELECTRONICS  RESEARCH  LABORATORY 


PROPERTIES  OF  LARGE  SLOT  ANTENNAS 


b 

A.  E.  Ratkevich 


Institute  of  tngineering  Research 
Series  No.  60,  Issue  No.  104 


December  1, 1953 


THIS  =EFCRT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200.20  AND 

NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED. 


DIVISION  OF  ELETRICAL  ENGINEERING 
EUBCTRCNIC3  RESEARCH  LABCRAT®! 


SERIES  NO.  60 
ISSUE  NO,  10U 


ANTENNA  CEOUP 


Report  Hu.  22  on 
Office  of  Naval  Research 
Contract  N7onr-2??29 


PROPERTIES  OF  LARGE  SLOT  ANTENNAS 


Prepared  by*  

A.  E*  E&tkevich,  Junior  Sec  * arch  Engineer 


Edited  by r 


Semuel  Silver;  Professor  of  Engineering  Science 


Approved  byr  j&£*&**^ 

J.  R.  TShinnary,  7ice-ChaiT»an;  Division  of  Electrical 
Engineering,  in  charge  of  Electronics  Bssearch  laboratory 


«•..*»  (■  ^ i* » *»<•/ 


i 


^assn* 


ABSTRACT 


An  experimental  investigation  is  made  of  the  field  configuration  existing  in 
aperture  radiators  of  rectangular  shape  cut  ir.  the  broad  side  of  a standard  1"  by 
0.5n  X-band  waveguide.  All  apertures  have  one  dimension  equal  to  a half  free 
space  wavelength;  the  other  dimension  varies  from  a half  wavelength  to  two  wave- 
lengths. Both  far  zone  measurements  and  probe  measurements  in  the  aperture  are 
limited  to  amplitude  readings.  An  attempt  is  made  to  correlate  the  distribution 
in  the  neighborhood  of  the  aperture  determined  by  means  of  a probe  with  the  aper- 
ture field  configuration  obtained  from  synthesis  of  the  far  zone  patterns.  Two 
different  hypotheses  are  assumed; 

(1)  In  accordance  with  wnat  has  been  established  for  apertures  whose 
lengths,  in  terms  of  wavelength,  are  very  large,  each  component  of 
the  electric  field  distribution  in  the  aperture  may  be  described 
by  a single  traveling  wave  mode  (plus  a reflected  wave)  character- 
ized by  a complex  propagation  constant. 

(2)  Th;  slot  field  distribution  may  be  described  in  terns  of  a finite 
number  of  standing  wave  modes. 

The  standing  wave  mode  hypothesis  is  shown  to  be  the  most  reliable.  Best 
results  are  obtained  for  the  tangential  component  of  the  electric  vector  which 
is  transverse  to  the  long  axis  of  the  aperture.  Spurious  radiation  at  the 
edges,  with  polarization  parallel  to  the  long  axis  of  the  aperture  introduces 
errors  which  make  correlation  between  the  measured  longitudinal  component  and 
the  simple  theoretical  mode  configurations  very  poor. 
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I > Introduction 

An  aperture  in  the  wall  of  a waveguide  which  perturbs  the  current  distribution 
existing  over  the  wall  of  the  guide  for  a given  waveguide  mode  effects  electro- 
magnetic coupling  between  tha  interior  and  the  outside  and  serves  as  a radiating 
element  for  that  waveguide  mode.  Slots  area  special  case,  of  aperture  radiators 
whose  length  is  large  compared  to  the  width. . The  properties  of  slot  radiators 
whose  lengths are  comparable  with  the  wavelength  or  very  much  greater  than  the  wave- 
length have  been  investigated  in  considerable  detail  and  such  elements  have  found 
widespread  applications.  Reviews  of  the  extensive  work  done  in  this  field  during 
the  war  are  given  in  the  books  by  Wat  son  and  Silver^ 

The  radiation  characteristics  of  the  aperture  are  determined  by  the  field 

configuration  in  the  aperture  itself.  In  the  case  of  slots  this  configuration 

(3) 

is  relatively  simple.  Hie  electromagnetic  Babinet  principle  ' has  proved  to  be 
very  useful  in  this  connection  and  the  properties  of  slots  have  been  well  coordi- 
nated with  those  of  wire  antennas.  A wider  variety  of  field  configurations  can 
be  generated  in  rectangular  apertures  whose  width  is  comparable  with  the  length 
•and  correspondingly  a wider  variety  of  radiation  patterns  can  be  obtained.  Such 
radiating  elements  may  be  useful  either  singly  or  in  combinations  to  produce  re- 
quired complex  beam  patterns. 

The  following  discussion  pertains  to  rectangular  apertures  cut  in  the  broad 
face  of  a standard  1"  x 0.5"  waveguide  supporting  the  TE^Q-mode.  The  aperture 
in  each  case  is  symmetrical  with  respect  to  the  axis  of  the  waveguide  as  shown 
in  Figure  1 (Section  II).  The  aperture  dimension  b,  transverse  to  the  waveguide 
axis,  is  a half  free  space  wavelength  in  each  case,  me  object  of  this  study 
Is  to  determine  how  the  excitation  in  the  aperture  depends  on  the  dimension  a, 
along  the  axis  of  the  guide. 


| 


The  region  between  the  narrow  slot  (a  - A/g)  and  the  long  slot  ( a » X ) has 

(4) 

yet  to  be  investigated.  It  has  been  established  that  the  field  configuration 
in  the  long  slot  (in  the  region  of  about  7 wavelengths  and  longer)  may  be  described 
by  a single  traveling  wave  mode  characterized  by  a complex  propagation  constant; 
assuming  the  slotted  ijaveguide  dimensions  limit  propagation  to  a single  mode* 

The  question  arises  a.i  to  just  how  small  the  dimension  a can  be  while  the 
aperture  yet  supports  the  characteristic  traveling  wave  of  the  long  slot. 

In  the  other  extreme  of  the  narrow  slot,  the  aperture  field  is  constant  in 
amplitude  and  phase  in  the  direction  of  the  waveguide  axis.  Up  to  the  value  a 
«•  ty,’+,  this  constant  distribution  in  the  longitudinal  direction  is  still  a good 
approximation.  At  a value  a = ”/2,  the  far  zone  pattern  exhibits  en  asymmetry 

which  indicates  a phase  variation  across  the  aperture  in  the  longitudinal  direc- 
tion. In  addition,  the  aperture  commences  to  support  a transverse  polarization. 

As  the  dimension  a is  increased  further,  patterns  for  both  polarizations  take  on 
a constantly  increasing  directivity. 

It  has  been  shown ^ that  a go,  1 approximati on  to  the  far  zone  pattern  of  a 
square  aperture,  edge  length  equal  to  a half-wavelength,  can  be  obtained  by  as- 
suming the  aperture  to  be  supporting  two  modes  of  excitation:  a constant  mode 

E0  and  a half  sine  mode-.  If  this  is  a valid  hypothesis,  it  is  then  to  be  ex- 
pected that  as  a i3  increased,,  higher  order  modes  will  be  supported  by  the 
aperture.  The  increase  of  phase  variation  across  the  aperture  with  an  increas- 
ing number  of  standing  wave  modes  could  wall  account  for  the  increasing  pattern 
directivity. 

However,  from  the  traveling  wave  mode  point  of  view,  this  increasing  direc- 
tivity can  also  be  accounted  for.  That  the  phase  constant  be  a function  of  the 
longitudinal  dimension  is  not  a satisfactory  hypothesis  to  make.  The  most  likely 


I 
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explanation  is  that  the  inc^easo  of  patt«m  directivity  ’-rlth  an  increase  of  length 
is  due  to  the  decrease  of  energy  remaining  In  the  traveling  wave  reflected  from 
the  eid  of  the  aperture.  In  other  words,  for  the  shorter  apertures  and  where  the 
traveling  wave  has  a low  attenuation  constant,  the  positively  traveling  wave  plus 
the  reflected  wave  add  up  to  give  a net  field  distribution  which  constitutes  a 
single  standing  wave  type  of  mode,  Hie  small  net  phase  variation  clouds  the 
larger  phase  variation  of  the  positively  traveling  wave. 

Consequently  it  was  considered  advisable  to  attempt  to  arrive  at  the  slot 
field  configuration  by  utilizing  two  different  hypotheses: 

(1)  The  slot  field  distribution  for  each  E field  polarization  may  be 
described  by  a single  traveling  wave  mods  characterized  by  a com- 
plex propagation  constant, 

(2)  The  slot  field  distribution  may  be  described  in  terms  of  a finite 

* 

number  of  unattenuatad  standing  wave  modes;  the  number  of  modes 
being  dependent  to  some  degree  on  the  dimensions  of  the  slot  with 
respect  to  free  space  wavelength* 

Probe  measurements  in  apertures  of  the  small  dimensions  to  be  investigated 
may  be  of  questionable  value  when  considered  alone.  However,  when  considered  in 
conjunction  with  the  3lot  field  distribution  obtained  by  synthesis  of  the  far 
zone  patterns,  the  probed  distribution  can  be  expected  to  be  of  some  use  despite 
the  large  error.  As  this  project  is  not  meant  to  be  an  exhaustive  study  of  the 
problem,  measurements  in  the  aperture  and  in  the  far  zone  are  limited  to  ampli- 
tude measurements;  thus  simplifying  the  experimentation  and  allowing  a greater 
region  of  aperture  dimensions  to  be  investigated  in  the  time  available,  Fhase 


* In  general  a Fourier  representation  of  the  field  involves  an  infinite 
number  of  modes;  It-  is  assumed  that  all  but  a certain  finite  number  make  a 
negligible  contribution  to  the  proner+.ies  of  the  aoerture, 
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measurements  to  assure  uniqueness  will  be  left  to  a more  extensive  study  of  the 
excitation  of  aperture  radiators  in  waveguides. 


II.  Diffraction  Pattern  and  Aperture  Distribution 

The  system  of  coordinates  relating  the  aperture  field  to  the  far  zone  field 
ia  shown  in  Figure  1, 

Aporture  Distributions 

The  waveguide  is  supporting  the  TEqI  is  assumed  to  be  terminated  in 

its  own  characteristic  impedance.  9y  hypothesis  (l),  the  aperture  distribution 
may  be  described  by  a single  traveling  wave  mode  of  the  form* 

(x.y)  = Mxig.ty)  = ie“0>  + r,  e*'°  e+2r,x)»  cos  Jh L (D 


Ey  (x  ,y  ) - f2  ( x l 9 2 ( y ) = ( e * ' + r2  e *2°  e ) = sin  Ix 

where  y rCX+j/3  ft  = P^*88  constant 

OL  = attenuation  constant 

I'  =:  reflection  coefficient  of  the  and  of  the  slot 


(2) 


The  simplifying  assumption  is  made  that  the  end  of  the  slot  behaves  as  an 
ideal  short  circuit  to  the  energy  remaining  in  the  traveling  wave  slot  mode;  thus: 

r,  = + i . r2  = - 1 

Since  fg(x)  must  be  zero  at  x - ± a/2,  equation  (2)  does  not  hold  for 
x ■ -a/2.  If  sucl.  a traveling  wave  distribution  does  occur,  a sudden  drop  of  Ey 
at  x close  to  -a/2  is  to  be  expected.  For  integration  purposes  this  drop  of 
field  intensity  is  assumed  to  be  infinitely  sharp,  allowing  integration  over  the 
full  slot  length. 

The  simple  type  of  y dependence  assumed  for  g^(y)  is  based  on  the  consid- 
erations that  it  satisfies  the  boundary  conditions  at  y - ± a/2  and  that  the 
aperture  is  resonant  to  this  mode  3ince  the  dimension  in  the  y-direction  is  ^/2. 
All  higher  order  sinusoids  are  expected  to  have  much  smaller  amplitudes. 
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If  the  slot  region  is  thought  of  in  terns  of  a short  section  of  waveguide 
supporting  the  TE  type  of  mode'  (E^-,  Ey,  and  Hz),  g2(y)  i*:  then  obtained  by  dif- 
ferentiation of  g^(y) « Aside  from  that  consideration,  the  use  of  an  odd  function 
for  g2(y)  across  the  slot  is  suggested  by  the  nature  of  the  transverse  current 
?3ow  in  the  unperturbed  driving  mode  in  the  waveguide  which  the  sides  of  we  32  ot 
intercept. 

The  fora  of  g-j  (y)  and  g2(y)  is  verified  by  the  far  zone  patterns  shown  in 
graphs  (1)  and  (2), 

By  hypothesis  (2);  the  aperture  distribution  may  be  described  in  terms  of  a 
finite  number  of  resonant  modes  of  the  form: 


Ey(x,y>  = f2(x)g2(y)  = ( AmC0SniII>L  + Bn  sin  sm  JQ_  (3) 

° a b 

where,  to  satisfy  the  boundary  conditions, 

m - odd,  n = even  integer 

ExU,y)  - f,U)y,(y  ’ = lCi;cos— — -t  Dmsin  lIlIIiL) cos 

o ob 

where,  by  analogy  with  the  solution  for  a 
short  waveguide  of  length  equal  to  the  slot 
depth, 

n : 0 or  oven,  m s odd  integer 

'4m»  ®n»  ^n>  “m*  are  in  general  complex  constants 

The  number  of  dominant  modes  entering  into  the  representation  of  the  field 
in  the  slrt  is,  to  be  sure,  a function  of  the  3iot  length.  For  example,  a slot 
length  of  a full  wavelength  may  be  expected  to  support  only  modes  having  a full 
period  or  less.  As  was  noted  before,  the  basic  idea  in  the  analysis  is  that 
other  modes  play  a secondary  part  particularly  as  far  as  the  radiation  pattern 
is  concerned. 

Diffraction  Fatterns: 

(2) 

Integration  of  the  vector  Helmholtz  equations  giv6s  the  following  far 
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zone  fields  for  the  case  of  an  aperture  in  an  infinite  ground  plane. 
In  the  plane  0 a 0 


2TTR 


e-jkRj  £,(«.»)  e jkx  sin8d«dy 

A 

E<#,=  e'^kR cos  s/^y  ( «,y>  e jkx  sin  ® d 

/ft 

In  the  plane  0 - fT^ 


x dy 


(5) 

(6) 


F8-^s-e-'kR/E>u.,)e^v  si"edxdy 
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: l.  up 

: r\  — i r\i  \ 

e cr>s 


8 f EM,yi  eJky  s,n  9dxdy 
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where  k = free  space  phase  constant 


(7) 

(8) 
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Examination  of  equations  (3)  and  (6)  show  that  since  g9(y)  is  an  odd  func- 
tion, the  diffraction  pattern  for  in  the  plane  0 - 0 is  always  equal  to  zero. 
Therefore,  another  plane  is  necessary  in  order  to  obtain  a pattern  that  is  a 
function  of  f2(x)  alone. 

Figure  (2)  shows  the  system  of  coordinates  used  as  an  alternative. 

The  general  expression  for  the  Ey  component  of  the  far  zone  field  can  be 
written  in  the  form: 

jk  _jkR  f jk(x  sin oc sin ’|'+y  cosoc) 

Ey  = p e sin  CA  CCS  y / CyVA., e dxdy  ui 

For  0(  constant  (by  keeping  and  R constant),  (9)  simplifies  to  the  form: 


a 

* 7 


? y = — e- j 1 k R COS  * f f PU  ) e j 1 k x sin « si"  * 
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dx 


(10) 
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where  X is  a constant  obtained  by  integrating  gjfc). 
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SYSTEM  OF  COORDINATES  TO  OBTAIN  Ey  AT  CONSTANT  ANGLE  (X 
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Ill,  Experimental  Procedure 


Far  zone  patterns  were  taken  with  the  waveguide  fed  aperture  mounted  flush 
in  a 5'  x 6,6s  ground  plane . The  receiving  horn  and  bolometer  detector  were  mounted 
on  a rotatable  U frame  5.9  feet  above  the  ground  plane.  The  U frame  was  synchro- 
nized to  a polar  recorder. 

Probe  Measureme  .vta : 

Figure  (3)  is  a photo  of  the  apparatus  used  in  taking  amplitude  measurements 
in  the  slot.  The  probe  carriage  and  bolometer  detector  assembly  is  isolated  from 
the  aperture  to  the  extent  of  40  db,  by  means  of  poly  foam  strips  sprayed  with 
Aquadag  solution^.  The  sprayed  strips  are  supported  in  two  transverse  columns 
so  as  to  absorb  both  polarization  components.  The  presence  of  the  complete  as- 
sembly, except  for  the  probe  and  supporting  coaxial  line,  was  found  to  have  nc 
effect  on  a surface  probe  placed  in  the  aperture.  The  apparatus  thus  provided  a 
convenient  support  for  the  moving  probe  and  eliminated  the  danger  of  stray  pickup 
at  the  detector  assembly,  while  causing  no  distortion  of  the  ape  ture  field.  The 
extent  of  aperture  field  distortion  due  to  the  presence  of  the  probe  and  adjacent 
coaxial  line  remains  an  unknown  factor. 

Of  the  various  probes  investigated,  the  slot  fed  dipole  was  found  t-o  be  the 
most  satisfactory.  It  is  the  least  bulky,  has  good  pickup  and  symmetry,  and  is 
the  easiest  to  make  since  no  balun  is  necessary. 

Measurements  of  Ev(z)  were  made  with  a slot  fed  probe  of  a quarter  wave- 
length total  dipole  length,  1/16"  outer  diameter  doaxiai  line,  and  .010“  slot 
width.  The  short  dipole  structure  was  necessary  since  Ey.  reverses  phase  at  the 
center  of  the  half  wavelength  wide  slot.  Measurement  of  Ey(x)  does  not  require 
probe  symmetry.  However,  extraneous  pickup  did  alter  the  relative  readings 

when  a set  of  readings  was  taken  -.fill  the  probe  rotated  180  degrees.  Since  it 

- 10  - 


was  not  known  which  of  the  two  probe  positions  was  least  subject  to  this  extraneous 
pickup,  it  was  decided  to  take  two  runs  and  to  average  the  readings*  The  probe 
was  rotated  130  degrees  for  each  run.  Averaging  at  least  gave  a mean  between  the 
largest  and  smallest  error. 

> 

Preliminary  measurements  of  s^frr  for  the  case  a = X wore  of  such  a per- 
plexing nature  it  was  decided  to  use  two  different  probes  (a  slot  fed  probe  and  a 
shielded  two  wire  line  probe)  in  order  to  help  clarify  the  type  of  probe  errors 
being  encountered.  The  slot  fed  probe  had  a total  dipole  length  of  a half  wave—, 
length,  a 1/X6"  outside  diameter  coaxial  line  and  .010”  width  slots.  The  shielded 
two  wire  line  probe  had  a quarter  wavelength  total  dipole  length,  and  1/32"  out- 
side diameter  copper  shielding  for  each  half  dipole  lead.  Neither  probe  displayed 
ideal  symmetry  so  the  same  averaging  procedure  was  followed  in  making  the  measure- 
ments for  Ey(x). 

Synthesis  Procedure: 

Synthesis  of  the  aperture  distribution  to  approximate  the  measured  aperture 
field  or  to  give  a far  zone  field  that  correlates  with  the  measured  far  zone  pat- 
tern i3  more  easily  done  graphically.  For  the  larger  apertures,  where  3 or  4 
standing  wave  modes  may  be  present,  graphical  computation  is  the  only  practical 
method.  Because  of  errors  in  measurement,  the  use  of  matrices  to  obtain  the 
mode  constants  fx'om  experimental  data  yiolds  unsatisfactory  results. 

The  pattern  integrals  used  ere  shown  in  the  appendix*  The  particular  form 
shown  for  the  pattern  due  to  the  traveling  wave  modes  is  convenient  for  graphical 
computation. 
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Best  results  were  obtained  for  Ey.  on  which  the  major  part  of  the  discussion 
will  be  centered. 

The  half  sine  form  of  £2(7)  (equations  2 and  3)  integrates  to  give  the  far 
zone  pattern  shown  in  graph  (2).  this  pattern  agrees  to  2$  with  the  measured  pat- 
terns in  the  plane  0 -m  90  degrees  for  the  entire  range  of  dimensions  investigated* 
Because  of  the  transverse  dimension  of  the  slot  the  experimental  data  serve  only 
to  verify  the  existence  of  the  null  in  g^ij)  along  the  central  line  and  the  ampli- 
tude symmetry  about  c.he  null* 

By  as  a Traveling  Wave  Mode; 

The  two-wavelength  slot,  whose  far  zon6  pattern  has  all  the  appeax-ances  of  a 
traveling  wave  type  of  pattern  was  considered  first.  The  phase  and  attenuation 
constants  were  obtained  from  the  diffraction  pattern  as  follows: 

(a)  Assume  that  the  amplitude  of  the  reflected  wave  in  the  slot  is  of 

such  small  magnitude  that  it  has  no  effect  on  the  angle  of  the  max- 
imum of  the  main  lobe  produced  by  the  positively  traveling  wave. 
Examination  of  equation  (13)  in  the  appendix  shows  that  the  angle 
V-  at  which  E^/cos  'p  is  a maximum  determines  the  phase  constant 
jfl  by  the  relations: 


= sin  <x  sin  ti/ 


$ = ~ * 


(11) 


where:  -ratio  of  free  space  phase  velocity  to  the  phase  ve- 

locity of  the  traveling  wave  in  the  slot 

k - phase  constant  cf  a traveling  wave  in  free  space 

sin  vi  is  determined  by  the  position  of  the  receiving  horn. 

For  all  measurements,  sin  o(  - «&75 
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(b)  Snowing  the  phase  constant,  use  equation  (13)  to  determine  an 

angle  (-  \jf  ) close  to  the  main  lobe  of  the  ely  traveling 

wave  at  which  E^  due  to  the  positively  traveling  wave  is  a min- 
imum, Obtain  the  relative  amplitudes  of  the  measured  Ey  at  - $ 
and  «■  ».//  . 'The  attenuation,  constant  is  then  obtained  free 


th«  relation: 


E U*>  l 

EC-*)  " e~aL  ^ } 

By  this  method,  a value  of  JL  - ,,475  and  an  attenuation  constant  O!  — .125 
nepers  per  cm,  were  obtained  for  the  two-wavelength  3lot.  Graph  (9)  shows  good 
agreement  between  calculated  and  measured  patterns.  Once  obtained,  these  same 
values  should  hold  for  the  shorter  slots  as  well.  However,  the  best  synthesis 
of  the  far  zone  patterns  for  the  shorter  slots  required  slightly  smaller  phase 
and  attenuation  constants.  Good  agreement  with  the  patterns  for  the  slot  lengths 
from  7X/4  to  X /2  was  obtained  for  a - .45#  and  an  oi  - .096  nepers  per 
cm.  Measured  and  calculated  patterns  are  shown  in  graphs  (3)  to  (8). 

For  slot  lengths  of  1.5  wavelengths  or  less,  method  (a)  did  not  hold  since 
the  rear  lobe  of  the  negatively  traveling  wave  affected  the  tilt  angle  of  the 
main  loba  for  the  positively  traveling  wave.  However,  the  values  obtained  for 
the  7/4  wavelength  slot  also  gava  good  pattern  correlation  for  the  shorter  slots, 
thu3  avoiding  the  necessity  of  making  successive  approximations  to  the  unknown 
phase  velocity  and  obtaining  the  attenuation  constant  by  method  (b)  for  each  ap- 
proximation until  satisfactory  correlation  between  measured  and  computed  patterns 
is  obtained. 

The  aperture  distribution  determined  by  these  mode  constants  is.  oompared 
with  the  measured  distributions  in  graphs  (11)  to  (14).  Here,  no  agreement  is 
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seen  to  exist 


Ey  &a  ..a.  Sum  of  Standing  »>ve  Modes: 

The  standing  ware  mode  hypothesis  yields  more  satisfactory  correlation  be- 
tween the  measured  aperture  distributions  and  those  synthesized  from  the  far  zone 
patterns.  The  aperture  distributions  arrived  at  are  listed  below  in  order  of  in- 
creasing slot  length.  The  1.5  wavelength  slot  has  a second,  less  likely  distribu- 
tion listed  in  parenthesis.  It  is  used  to  illustrate  the  different  effects  produced 
on  the  fair  zone  and  slot  fields  when  a third  mode  is  introduced. 


Tanls  I 


Slot  Length  a in  Wavelengths 

1/2 

3/4 

1 

5/4 

3/2 


Slot  field  Distribution  f~(x) 


7/4 


cos 


cos 


TTx 

L 

TTx 

l 


-!-  .1  e 


_J90  . OTT* 

* sin  ■■  11  - 


cos- 


JT> 

h 

t— 

TTx 


(cos ^T- + 1.55 fj35  sin?— 


l i 


tosli-  + 1.55  e 


■-i35  sm^+.iSe-i^cos3^. 


COS-; 


TTx 


+ 4e  ^80  sin  + I e j 35  cos  AOji. 


2 cos  JDl  + 4c- ' 1,0 Sin  Ml  + 2e  J25  C03  3Tfx  j45#in4JLL 

L L L L 

Phase  angles  are  in  degrees. 

The  far  zone  and  aperture  fields  for  the  above  listed  distributions  are 
compared  to  the  measured  far  zone  and  aperture  fields  in  graphs  (3)  to  (9)  and 


graphs  (11)  to  (14),  respectively.  The  correlation  is  seen  to  be  much  better  than 
that  obtained  with  the  traveling-wav 9-mods  hypothesis. 

The  8 lot  field  distribution  was  obtained  from  synthesis  of  the  far  zono  pat- 
terns for  slot  lengths  from  1/2  wavelength  through  5/4  wavelength.  The  third 
mode  for  the  3/2  ’rave length  slot  was  arrived  at  with  seme  attention  being  given 
to  the  measured  slot  distribution.  Sufficient  confidence  was  had  in  the  probe 
readings  by  the  time  the  ?/4  wavelength  slot  was  investigated  sotnatitwas  decided 
to  obtain  the  distributions  for  the  7/4  and  2 wavelength  slots  by  working  jointly 
with  both  the  far  zone  patterns  and  the  probed  distribution.  Because  of  the  many 
mode?  in  the  2 wavelength  slot,  a solution  giving  good  correlation  between  the 
aperture  and  far  zone  measurements  would  have  been  most  difficult  without  using 
the  two  together  in  the  synthesis  of  the  aperture  field. 

Each  slot  length  will  be  discussed  briefly: 

Graph  (11a)  shows  only  a correlation  for  the  case  of  the  half  wavelength 
slot.  However,  the  field  perturbation  due  to  the  presence  of  the  probe  and  its 

coaxial  support  would  be  expected  to  be  large  in  such  a small  aperture.  In  ad- 
dition, results  for  the  larger  size  slots  consistently  show  a.  high  extraneous 

probe  pickup  in  the  1/4  wavelength  region  near  the  end  of  the  slot.  In  the  1/4 

wavelength  region  at  the  beginning  of  the  slot,  the  extraneous  pickup  is  con- 
sistantly  only  about  one  fourth  as  high.  This  explains  the  asymmetry  in  the 
probe  readings  for  the  half  wavelength  aperture. 

The  3/4  wavelength  slot  appears  to  have  a small  asymmetry  in  the  far  zone 
pattern.  However,  the  radiated  energy  in  Ey  is  so  low  for  the  3/4  wavelength 
slot  (as  well  as  for  the  half  wavelength  slot)  that  pickup  of  stray  reflections 
from  discontinuities  in  the  ground  plane  and  from  the  structure  supporting 

the  receiving  horn  tends  to  cloud  the  true  pattern.  The  slot  is  too  short  to 
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allow  sufficiently  accurate  probe  readings  in  the  neighborhood  of  the  aperture  to 
determine  the  absence  or  presence  of  a second  mode  of  excitation.  Eie  pattern 
asymmetry  was  accepted  for  mode  synthesis  but  the  conjecture  would  be  that  the 
3/4  wavelength  slot  has  only  a single  mode.  Otherwise  th6  relative  amplitude  of 
this  second  mode  for  the  one  wavelength  slot  would  be  expected  to  be  higher  than 
observed. 

Idle  decrease  of  probe  errors  with  increasing  slot  length  is  illustrated  in 
graphs  (12a)  and  (12b). 

Graph  (13a)  shows  that  two  modes  give  a relatively  poor  correlation  with  the 
probe  measurements  for  the  3/2  wavelength  slot,  Better  agreement  is  obtained  by 
the  addition  of  a third  mode.  The  disparity  in  the  data  about  the  minimum  can  be 
partly  attributed  to  extraneous  pickup.  Another  possible  explanation  for  the 
mediocre  correlation,  even  with  three  modes,  is  that  these  readings  were  taken 
before  it  was  decided  to  average  the  readings  from  two  runs.  (Probe  reversed 
180°  for  second  run.)  Graph  (7)  shows  the  minor  effect  of  the  third  mode  on  the 
fai  zone  pattern. 

The  good  correlation  for  the  7/4  wavelength  and  the  two*  wavalength  slots 
can  be  attributed  to  reduced  probe  errors,  to  the  joint  utilization  of  both  far 
zone  and  aperture  fields  for  obtaining  the  mode  constants,  and  to  an  improved 
technique  obtained  from  experience  with  the  smaller  slots.  Although  the  far 
zone  pattern  for  the  2 wavelength  slot  could  be  accounted  for  satisfactorily  by 
only  three  modes,  a fourth  mode  was  required  for  a satisfactory  representation 
of  the  measured  aperture  field  distribution- 

A comparison  of  the  results  obtained  with  the  traveling  wave  hypothesis 
and  the  standing  wave  hypothesis  can  only  lead  to  the  conclusion  that  the  latter* 
hypothesis  is  more  accurate.  In  fact,  the  close  correlation  between  the 


f? 


synthesized  apei'ture  field  and  that  determined  by  probe  measurements  leads  to  the 
belief  that  the  standing  wavs  hypothesis  hold3  exactly  for  slot  lengths  between 
1/2  wavelength  and  two  wavelengths.  Of  course,  a study  of  the  phase  characteris- 
tics of  the  field  are  nosded  to  substantiate  this  hypothesis  more  fully. 

An  estimate  of  the  accuracy  of  the  mode  constants  obtained  would  be  ± 10$6 
for  the  amplitude  constants  and  i*  5 degrees  for  the  relative  phase  values. 

■ Graph  (15)  shows  the  phase  curves  for  the  field  distributions  in  the  7/4  wave- 
length slot  obtained  by  both  the  standing  wave  and  the  traveling  wave  methods. 

The  similarity  of  the  curves  explains  why  it  was  also  po  a* ’\le  to  obtain  good 
pattern  correlation  with  an  assumed  traveling  wave  mode  in  the  aperture.  The 
likeness  is  even  more  marked  if  the  minimum  amplitudes  are  taken  as  reference 
points  and  made  to  coincide  on  the  graph.  The  horizontal  lines  in  graph  (15) 
indicate  the  traveling  wave  minimum  at  x *-.?  cm.  and  the  standing  wavs  minimum 
at  x « * .06  cm.  A comparison  of  phase  curves  for  the  other  length  slots  would 
be  expected  to  be  equally  similar.  A check  on  the  1/2  wavelength  slot  shows  a 
traveling  wave  phase  variation  of  only  -4°  from  x ~ - .8  cm.  to  x = 0 (region  of 
large  fluid  amplitude),  and  a phase  variation  of  t-  6°  from  x = 0 to  x = ■*>  .8  cm. 
(region  of  small  field  amplitude).  The  standing  wave  phase  variation  is  zero 
for  the  single  cosine  mode  in  the  1/2  wavelength  slot. 


Ejr  Polarizations 

Probe  measurements  for  all  slot  lengths,  including  the  3 wavelength  slot, 
consistently  show  a r cvsrscu  J type  of  amplitude  distribution.  Pattern  measure- 
ments show  an  increasing  number  of  side  lobes  with  increasing  slot  length.  The 
large  height  and  the  periodicity  of  these  side  lobes  indicates  the  presence  of 
spurious  radiation  from  the  slot  edges  at  x = - a/2  and  x = ♦ a/2. 
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The  three  wavelength  slot  display  a aperture  and  far  field  characteristics 
similar  to  those  of  the  two  wavelength  and  shorter  apertures.  Because  of  the 
greater  number  of  interference  lobes  and  the  larger  region  over  which  probe  meas- 
urements can  be  made,  the  three  wavelength  aperture  ■*«  the  moat  convenient  for 
analysis  of  the  edge  field  radiation.  Ths  measured  far  zone  and  aperture  fields 
are  shown,  respectively,  in  Graphs  (10)  and  ( 16 ) « 

The  aperture  field  in  Graph  (16)  has  an  appearance  more  like  a traveling 
wave  mode  with  a high  attenuation  constant  rather  than  that  of  a combination  of 
a limited  number  of  standing  wave  modes.  However,  the  far  zone  field  shown  in 
Graph  (10)  is  obviously  not  a pattern  due  to  a traveling  wave  plus  a reflected 
wave  mode.  Expressing  this  measured  aperture  field  as  a summation  of  standing 
wave  modes  would  require  a great  number  of  modes.  Such  a solution  has  not  been 
attempted  3ince  it  is  outside  the  rsalm  of  our  finite  mode  hypothesis. 

Since  the  far  zone  pattern  cannot  be  obtained  from  the  traveling  wave  mode 
hypothesis  and  since  the  aperture  distribution  cannot  be  synthesized  by  the  finite 
standing  wave  mode  hypothesis,  a reliable  solution  that  gives  correlation  between 
the  aperture  and  far  field  measurements  is  unattainable  with  either  hypothesis 
alone.  Having  established  the  standing  wave  mode  hypothesis  for  the  Ey(x)  aper- 
ture fields,  a logical  step  was  to  attempt  to  express  the  Ex(x)  fields  as  a 
superposition  of  standing  wave  modes  plus  high  amplitude  edge  fields.  However, 
an  attempt  at  obtaining  the  form  of  the  edge  fields  leads  to  contradictory  re- 
sults which,  or.ee  more,  minimises  the  pocsibility  of  obtaining  good  correlation 
between  the  aperture  and  far  field  measurements.  Examination  of  Graph  (16) 
shows  that  a traveling  wave  with  an  attenuation  constant  of  0.9  nepers  per  cm. 
gives  a good  approximation  to  the  measured  edge  fields.  The  absence  of  aperture 
phase  measurements  leaves  only  far  zone  patternsas  the  means  for  obtaining  the 
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phase  characteristics  of  the  edge  fields.  From  a mode  concept,  the  discontinuity 
oresented  to  the  dominant  waveguide  mode  by  the  aperture  is  expected  to  give  rise 
to  a number  of  higher  order  evanescent  modes.  Where  the  aperture  length  is  in  the 
order  of  a wav . ieugr.h  nr  more,  these  higher  modes  will  be  localized  in  the  region 
of  the  aperture  rages  at  x = ± a/2.  The  proximity  of  the  aperture  edge  field" 
to  these  evanescent  waveguide  fields  suggests  that  the  edge  fields  also  have  an 
infinite  phase  velocity.  However,  an  attempt  at  approximating  the  positions  of 
the  maxima  and  minima  of  the  measured  ' r field  interference  lobes  by  assuming  the 
presence  of  edge  fields  with  0.9  uppers  per  cm.  attenuation  and  an  infinite  phase 
velocity  was  unsuccessful.  Reasonable  agreement  was  found  uo  require  an  attenua- 
tion constant  of  5.3  nepers  per  cm.  But  this  large  value  affords  no  correlation 
with  the  measured  edge  fields.  It  is  unlikely  that  edge  fields  characterized  by 
a finite  phase  velocity  and  by  the  measured  attenuation  constant  of  0.9  nepers 
per  cm.  would  result  in  a more  successful  synthesis  of  the  f*1*  field  pattern,  so 
further  investigation  was  discontinued  at  this  point. 

Good  agreement  with  the  observed  side  lobe  minima  and  maxima  for  3lot-  lengths 
from  three  wavelengths  to  one  wavelength  (the  3/4  and  1/2  wavelength  slots  have 
no  ride  lobes)  can  be  obtained  by  approximating  the  fields  at  the  edges  of  the 
slot  by  sources  of  constant  amplitude  and  phase  extending  from  x » — a/2  to  x s 
- a/2  * X /8  and  from  x s ♦ a/2  to  x - * a/2  _ X /ft  added  to  standing  wave 
moaese  The  interference  pattern  for  the  three  wavelength  slot  is  sho>m  in  graph 
(10).  The  maxima  and  minima  points  are  seen  to  agree  except  about  the  region  of 
the  directive  main  beam  at  0 • ♦ 35°.  As  mentioned  previously,  reasonable  agree- 
ment with  the  maxima  and  minima  can  also  be  obtained  for  an  assumed  evanescent 
mode,  of  5- 3 nepers  per  cm,  attenuation,  at  both  slot  edg.is.  However,  agreement 
was  best  with  the  step  type  of  source  and  since  neither  gave  particularly  more 

satisfactory  correlation  with  the  probe  readings,  the  step  source  was  used. 
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7.  Conclusion 


Evidence  has  been  presented  indicating  that  the  E (x)  aperture  field,  for  slot 

y 

lengths  from  1/2  wavelength  to  two  wavalengths,  consists  of  one  or  mors  resonant 

standing  wave  modes.  The  number  of  modes  resonating  is  a function  of  the  slot 

length  with  respect  to  free  space  wavelength.  For  a slot  of  length  a » n\/2, 

where  n is  an  integer,  n resonant  modes  appear.  The  lowest  order  mode  has  a half 

period  and  the  n5th  order  mode  has  n/2  periods.  Measurements  have  also  been  taken 

for  the  three  wavelength  slot.  Calculations  are  incomplete  but  indications  are  that 

the  standing  ware  hypothesis  still  holds*  The  dominate  mode  appears  to  be  the 

3 in  — — mode, 
a 

The  Ejj/x)  component,  of  the  aperture  field  distribution  remains  unclear.  A 
solution  first  requires  the  determination  of  the  form  of  the  fields  in  the  re- 
gion about  the  aperture  edges,  rnase  measurements  are  necessary  to  clarify  the 
phase  behavior  of  the  edge  fields. 

The  good  pattern  synthesis  obtained  for  Ey(x)  using  the  incorrect  traveling 
wave  mode  hypothesis  demonstrates  the  unreliability  of  amplitude  pattern  synthesis 
unless  correlation  with  aperture  amplitude  measurements  is  also  obtained.  As  a 
further  example,  reasonable  synthesis  of  the  far  field  patterns  for  the  half  wave- 
length square  aperture  could  be  obtained  for  each  of  the  following  E^x)  aperture 
distributions ; 

(1)  A constant  mode  pluc  a half  sine  mode; 

(2)  A constant  mode  plus  two  aperture  edge  step  soutcgs; 

(3)  Only  two  aperture  edge  step  sources. 

However,  none  of  these  distributions  is  in  good  agreement  with  the  measured  aper- 
ture field. 


Aperture  lengths  have  not  been  reached  at  which  the  net  E^.(x)  aperture  fieid 


r 


changes  from  a summation  of  standing  wave  modes  to  a predominantly  single  travel- 
ing wave  mode.  A conjecture  would  placo  this  critical  aperture  length  between 
4 and  5 wavelengths. 
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MEASURED  PATTERN’S  FOR  SLOT  LENGTHS  FROM  1/2  X TO  3 > AGREE 
WITH  COMPUTED  PATTERN  TO  MAXIMUM  DEVIATION  OF  Zlo 
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MEASURED  PATTERNS  FOR  SLOT  LENGTHS  FROM  l/?A  TO  3 A AGREE 
WITH  COMPUTED  PATTERN  TO  MAXIMUM  DEVIATION  OF  5% 
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I,  Traveling  Wave  Integral 
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To  obtain  Ey(  P ) by  equation  (10)  of  section  II 
set  K m sin  of  sin  \p 

For  all  measurements  of  Ey(  >p  ),  the  receiving  horn  is  positioned  at  sin  <X 
?*  .875:  Simplification  of  equation  (13)  is  unnecessary  since  it  is  the  most  con- 

vient  form  for  graphical  computation. 

II.  Standing  Wave  Integrals 

For  a slot  of  length  a 3 n X /2,  supporting  the  m**5  cosine  or  sine  modes 
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where  K s sin  9 for  patterns  in  the  planes  0*^0°  and  0 - 90°. 
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HI.  Interference  Pattern  from  Slot  IkUe  Si  — cog 

The  slot  extends  from  x = 0 to  x - a = nX/2,  The  sources  have  polar- 

ization and  have  the  following  step  form: 

E^x)  - 1 for  x/8  2 x > 0 
Ex(x)  ■ 0 for  a - X /ft  > x > x/8 
Ex(x)  s A for  a > x > a - 
where  A I*  a real  constant 

6 is  a constant,  phase  angle 

Thor,,  in  the  plan*  0 a 0°,  and  for  E^Cy)  ■ coo  , equation  (il)  in  sect! 

II  gives 

,9)  - 4-r-  «JkB  ¥ eJ¥-(u^ei2CT^'i]) 


Lon 


6 


TTK 


(16) 


whera  X - sin  9 

For  the  specific  case  of  a = n X/2  a 3X  ( n - 6 jt  ths  relative  phase 
angle  6 was  obtained  from  the  first  positive  maxima  in  figure  (10)  by  the 
equati.on; 

5 2W  sin  8 -(4-  - -g-)=  O 


f-%  e>\ 

vl  (J 


where  9 - 6,9°» 

By  (17)  cf  is  ^ound  = -124°.  A is  arbitrarily  chosen  equal  to  .4  givirg  coinci- 


dence with  the  measured  aa-dmum  ,»ri<i  rtanimuia  at,,  respectively,,  « « -13°  nd  9 
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